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SUMMARY f , LfCC’2- 

T h e o r e t i c a l  cons ide ra t ions  p e r t i n e n t  t o  t h e  s u c c e s s f u l  des ign  of  d ry  
launch d e f l e c t o r s  f o r  super  boos t e r s  a r e  presented. Def l ec to r  configu- 

r a t i o n s  of many types ,  t oge the r  wi th  the  p a r t i c u l a r  conf igu ra t ion  used 
i n  t h e  launching of  t h e  C - 1  Sa turn  boos te r ,  are desc r ibed .  

It i s  concluded t h a t  t he  d ry  d e f l e c t o r  can be s u c c e s s f u l l y  used t o  
launch super  boos t e r s .  I n  p a r t i c u l a r ,  i t  i s  p red ic t ed  t h a t  t h e  Sa tu rn  
d e f l e c t o r  may be used un l imi t ed ly  without  t he  n e c e s s i t y  of ex tens ive  
overhaul  and r e p a i r s .  

SECTION I.  I N T l O D U C T I O N  

The h igh  t h r u s t  rocke t  engines  used i n  p re sen t  day m i s s i l e s  and space 
v e h i c l e s  release l a r g e  q u a n t i t i e s  of  energy i n  the  form of  exhaust  gases .  
These h igh  tempera ture ,  s u p e r s o n i c  v e l o c i t y  exhaust  j e t s  create  s e r i o u s  
hazards  t o  pe r sonne l ,  s t r u c t u r e s ,  ground support  equipment, and i n s t r u -  
mentat ion a t  t he  launch s i t e s .  The cont inuing  t r end  toward l a r g e r  and 
h igher  t h r u s t  eng ines ,  wi th  the  concowitant i n c r e a s e  i n  haza rds ,  makes 
i t  e s s e n t i a l  t h a t  a c c u r a t e  methods be e s t a b l i s h e d  f o r  p r e d i c t i n g  and con- 
t r o l l i n g  the  exhaust  j e t s  e f f e c t s .  

The q u a n t i t y  and d i s t r i b u t i o n  of t h e  exhaust  j e t  energy depend on 
s e v e r a l  v a r i a b l e  f a c t o r s .  The t o t a l  Energy a v a i l a b l e  i s  determined by 
the  type and amount of  p rope l l an t  used; t h e  form and ra te  of  energy re- 
lease i s  c o n t r o l l e d  by the  rocke t  engi.ne des ign  and the  number of  engines ;  
and d i s t r i b u t i o n  of  t he  energy i n  t h e  area surrounding t h e  launcher  i s  
c o n t r o l l e d  by the  exhaust  flame d e f l e c t o r  des ign .  Since t h e  magnitude of  
t h e  f i r s t  two of  t hese  v a r i a b l e s  i s  determined by t h e  v e h i c l e  des ign  
c r i t e r i a  t o  meet g iven  miss ion  requi rements ,  t he  flame d e f l e c t o r s  must 

, 
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be designed f o r  c o n t r o l l e d  d e f l e c t i o n  o f  a predetermined amount of energy 
a t  t h e  launch s i te .  I n  t h e  fol lowing s e c t i o n s ,  v a r i o u s  types  of d e f l e c t o r s  
are d i scussed ,  and t h e  g e n e r a l  design c r i t e r i a  f o r  an  uncooled h e a t - s i n k  
type d e f l e c t o r  are developed. 
range of t h r u s t  l e v e l s  which should inc lude  t h e  boos te r  systems of space 
v e h i c l e s  t o  be developed i n  t h e  f o r e s e e a b l e  f u t u r e .  Although theo ry  has  
been developed and i s  of s i g n i f i c a n t  va lue  i n  designing flame d e f l e c t o r s ,  
i t  should n o t  be cons t rued  t h a t  t h e  theo ry  provides  a l l  necessa ry  des ign  
in fo rma t ion .  Ra the r ,  t h e  theory must be supplemented wi th  a n  e x t e n s i v e  
model tes t  program. 

These c r i t e r i a  are a p p l i c a b l e  t o  a broad 

The s u c c e s s f u l  launching of t h e  f i r s t  Sa tu rn  space v e h i c l e  (C-1) 
provided a d d i t i o n a l  v e r i f i c a t i o n  of t h e  des ign  c r i t e r i a  developed f o r  t h e  
uncooled flame d e f l e c t o r .  

SECTION.11. ROCKET ENGINE EXHAUST ENERGY 

The t h r u s t  developed by a r o c k e t  engine depends upon t h e  p r o p e l l a n t  
mass flow ra te  and t h e  exhaust  v e l o c i t y .  The exhaust  v e l o c i t i e s  of most 
LOX/RP-1 eng ines  c u r r e n t l y  being used are approximately equa l .  
v e l o c i t y  d i s t r i b u t i o n  p a t t e r n s  i n  f ree-f lowing r o c k e t  engine exhaus t s  
a t  sea l e v e l ,  f o r  eng ines  r a t e d  a t  80,000 and 150,000 l b  t h r u s t ,  are 
shown i n  FIGURES 1 and 2 ,  r e s p e c t i v e l y .  

Typ ica l  

The a x i a l  v e l o c i t y  of t h e  j e t  stream on t h e  j e t  a x i s  can be determined 
by t h e  fol lowing e m p i r i c a l  formulas: (Ref. 1) 

The a x i a l  v e l o c i t y  of t h e  c e n t e r  of t h e  j e t  stream of t h e  j e t  a x i s  
w i l l  remain unchanged u n t i l  

Do /2 

0.053 X= 

where X = d i s t a n c e  from nozzle  d i scha rge  

Do = nozzle  e x i t  diameter 

When t h e  d i s t a n c e  X i s  g r e a t e r  than t h e  va lue  given by t h i s  equa t ion ,  
t h e  gas  v e l o c i t y  on t h e  a x i s  dec reases  according t o  t h e  fol lowing r e l a t i o n :  
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where U = a x i a l  v e l o c i t y  of gas  on j e t  a x i s  a t  X 
X 

U = a x i a l  v e l o c i t y  of  gas  a t  nozzle  e x i t  
0 

r = r a d i u s  of  gas  j e t  pene t r a t ion  from a x i s  i n t o  
ambient a i r  

For a n  underexpanded o r  overexpanded j e t ,  t he  mixing and v e l o c i t y  
d i s s i p a t i o n  w i l l  occur  more r a p i d l y  than i n d i c a t e d  by these  equa t ions .  

The temperature  d i s t r i b u t i o n  i n  the  exhaus ts  of  t he  same two engines ,  
shown i n  FIGURES 3 and 4 ,  i n d i c a t e s  a wider range of  energy d i s t r i b u t i o n  
f o r  t h e  l a r g e r  engine .  Th i s  i s  t o  be expected s i n c e  much more energy i s  
a v a i l a b l e  i n  t h e  l a r g e r  engine .  

The hazards  c r e a t e d  a t  the  launclr. s i t e  by these  h igh  tempera ture ,  
h igh  v e l o c i t y  exhaust  gases  dur ing  the launching of a m i s s i l e  o r  space 
v e h i c l e  make i t  necessary  t o  dev i se  methods f o r  c o n t r o l  and d i s s i p a t i o n  
of  t h i s  energy.  One method of accompl.ishing t h i s  i s  by t h e  use of  flame 
d e f l e c t o r s  . 

I SECTION 111. DISSIPATION OF EXHAUST ENERGY 

1. Flame Def l ec to r s .  Direct impingement and uncon t ro l l ed  flow 
of rocke t  engine exhaust  gases  dur ing  a launching would create s e r i o u s  
hazards  t o  t h e  launch v e h i c l e  and ground equipment due t o  s p a l l i n g ,  m e l t -  
ing of m e t a l l i c  o b j e c t s ,  and dislodgment i n  t h e  d i r e c t  impingement area. 
A flame d e f l e c t o r  i s  a mechanical device placed i n  the  exhaust  s t r e a m  t o  
prevent  t h e  b l a s t  from impinging d i r e c t l y  on the  launch pad and t o  channel  
t he  exhaust  away from the  launcher area t o  reduce o r  e l i m i n a t e  t h e s e  
hazards .  D i s t r i b u t i o n  of  t he  exhaust  i s  c o n t r o l l e d  by t h e  type and des ign  
o f  t he  d e f l e c t o r .  The exhaust  may be channeled i n  one o r  two d i r e c t i o n s ,  
o r  a l l  around t h e  launcher .  I n  a cooled d e f l e c t o r ,  t he  coo lan t  abso rbs  a 
l a r g e  amount of  h e a t  from t h e  exhaus t ,  t hus  reducing t h e  energy i n  t h e  
exhaus t  stream. An uncooled d e f l e c t o r  absorbs  only  a small amount of  t h e  
h e a t ,  and reduces  t h e  energy l e v e l  of t h e  exhaust  j e t  very  l i t t l e .  

When an  exhaust  j e t  impinges on 2 d e f l e c t o r ,  i t s  v e l o c i t y  dec reases  
whi le  t he  temperature  and p res su re  i n z r e a s e .  The impingement ang le  de- 

from the  d e f l e c t o r ,  t h e  f r o n t  of  t h e  b l a s t  compresses t h e  atmosphere ahead 
of i t ,  and t h i s  i n c r e a s e  i n  p re s su re  causes  the  gases  t o  expand r a d i a l l y  
which reduces  t h e  gas  p re s su re  and t r a n s f e r s  hea t  t o  t h e  atmosphere,  
thereby  reducing  t h e  exhaust  temperature .  This  a c t i o n  cont inues  u n t i l  a 
s ta te  of  e q u i l i b r i u m  i s  reached wi th  the  surrounding atmosphere.  

i t e rmines the  amount of  v e l o c i t y  dec res se .  A s  t h e  exhaust  gases  flow away 
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Since ve ry  few materials have t h e  p h y s i c a l  and mechani 1 pro e r t i e s  
r e q u i r e d  t o  wi ths t and  t h e  high temperatures ,  p re s su res ,  and v e l o c i t i e s  of 
t h e  exhaust j e t ,  p reven t ion  of me l t ing  and e r o s i o n  of t h e  d e f l e c t o r  ma- 
t e r i a l  i s  a major problem. Erosion can be l a r g e l y  e l imina ted  by main- 
t a i n i n g  t h e  s u r f a c e  temperature below t h e  me l t ing  p o i n t  of t h e  d e f l e c t o r  
s u r f a c e  material. Seve ra l  methods of accomplishing t h i s  s u r f a c e  tempera- 
t u r e  c o n t r o l  have been developed and t h e  d e f l e c t o r s  employed may be gener-  
a l l y  c l a s s i f i e d  as "cooled" and "uncooled" types .  

2 .  Cooled D e f l e c t o r s .  Water i s  used t o  cool  t he  d e f l e c t o r  t o  
maintain the  temperature  of the d e f l e c t o r  s u r f a c e  below t h e  me l t ing  p o i n t  
of t he  m a t e r i a l  used. Seve ra l  d e f l e c t o r  designs of t h i s  type have been 
developed based on d i f f e r e n t  methods of employing t h e  water c o o l a n t .  One 
method used i s  t o  in t roduce  water i n t o  t h e  exhaust stream through spray 
nozzles  l o c a t e d  upstream from t h e  d e f l e c t o r  t o  reduce t h e  exhaust temper- 
a t u r e  and ma in ta in  t h e  s u r f a c e  m a t e r i a l  below t h e  me l t ing  p o i n t .  Another 
method f r e q u e n t l y  used i s  t o  c i r c u l a t e  water through a manifold beneath 
t h e  d e f l e c t o r  p l a t e  through which many s m a l l  ho les  have been d r i l l e d .  All, 
o r  a p o r t i o n  o f ,  t h e  water may be fo rced  through t h e s e  h o l e s  i n t o  impinge- 
ment a r e a  t o  provide evaporat ion and f i l m  coo l ing  of t h e  d e f l e c t o r  s u r f a c e .  
Other v a r i a t i o n s  of t h e s e  methods have been employed t o  m e e t  s p e c i a l  
requirements .  

These methods are  e f f e c t i v e ,  b u t  r e q u i r e  a l a r g e  water supply,  a 
h igh  c a p a c i t y  pumping and plumbing system, and e x t e n s i v e  maintenance which 
r e s u l t  i n  h igh  i n i t i a l  and o p e r a t i n g  c o s t s .  Therefore ,  t h i s  type of cooled 
d e f l e c t o r  i s  i m p r a c t i c a l  f o r  u se  wi th  t ac t ica l  m i s s i l e s  and o p e r a t i o n a l  
space v e h i c l e s .  
a water-cooled d e f l e c t o r  i s  u s u a l l y  provided. 

However, when long d u r a t i o n  s ta t ic  f i r i n g s  are r e q u i r e d ,  

A t  s ta t ic  t e s t  s i tes ,  t h e  cooled d e f l e c t o r  provides  an  a d d i t i o n a l  
advantqge by reducing t h e  o v e r a l l  sound p r e s s u r e  level through r e d u c t i o n  
of t h e  energy level i n  t h e  exhaust  stream. However, t h i s  advantage would 
be l o s t  a t  a launch s i t e  a t  l i f t - o f f .  

3 .  Uncooled D e f l e c t o r s .  Uncooled flame d e f l e c t o r s  must r e l y  on 
t h e i r  p h y s i c a l  p r o p e r t i e s  t o  withstand the e r o s i v e  a c t i o n  and high tempera- 
t u r e s  of t h e  engine exhaust .  They may be g e n e r a l l y  c l a s s i f i e d  as t h e  
"heat-sink" o r  "ablat ion" type based on t h e  c h a r a c t e r i s t i c s  method of h e a t  
t r a n s f e r  employed t o  c o n t r o l  s u r f a c e  temperatures .  

I n  a h e a t - s i n k  type  d e f l e c t o r ,  a material wi th  h igh  thermal con- 
d u c t i v i t y  i s  used t o  conduct t h e  h e a t  away from t h e  s u r f a c e  r a p i d l y  enough 
t o  p reven t  me l t ing .  T h e o r e t i c a l l y ,  t h i s  type d e f l e c t o r  w i l l  n o t  l o s e  
s u r f a c e  material and should,  t h e r e f o r e ,  have a long l i f e .  This type de- 
f l e c t o r  w a s  developed by t h e  Army Ba l l i s t i c  Agency f o r  u se  wi th  t h e  
Redstone and J u p i t e r  miss i les ,  and w a s  r e c e n t l y  employed wi th  complete 
success  i n  launching t h e  Sa tu rn  boos te r  ( C - 1  v e h i c l e ) .  
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An a b l a t i o n  type d e f l e c t o r  i s  designed t o  t a k e  advantage of t h e  
e r o s i v e  e f f e c t  of t h e  exhaust .  The d e f l e c t o r  base material i s  coa ted  
w i t h  an  e r o d i b l e  material wi th  a low thermal c o n d u c t i v i t y .  
material erodes under t h e  a c t i o n  o f  t h e  exhaust  stream, h e a t  i s  removed 
wi th  the  eroded p a r t i c l e s  which reduces the  s u r f a c e  temperature and t h e  
amount of h e a t  t r a n s f e r r e d  t o  the  base material. Pe r iod ic  replacement 
of t h e  e r o d i b l e  s u r f a c e  material i s  r e q u i r e d ,  depending upon t h e  t h i c k n e s s  
of t he  material used, t he  d u r a t i o n  of each exposure,  and t h e  ra te  of 
e r o s i o n .  I n  conc lus ion ,  i t  should be no.:ed t h a t  many d e f l e c t o r s  depend 
on t h e  h e a t - s i n k  p r i n c i p l e  and a b l a t i o n  material f o r  t h e i r  o p e r a t i o n .  

A s  t h e  s u r f a c e  

SECTION I V .  LJNCOOLED DEFLECT(3R DESIGN CRITERIA 

1. Heat T r a n s f e r .  The major prDblems a s s o c i a t e d  wi th  t h e  des ign  
of uncooled flame d e f l e c t o r s  evolve 
from t h e  exhaust  j e t  t o  t h e  d e f l e c t o r  s u r f a c e  and the  l i m i t e d  h e a t  t r a n s f e r  
c a p a b i l i t i e s  of t h e  d e f l e c t o r  materials Ghich must remove t h i s  hea t  r a p i d l y  
enough t o  prevent  mel t ing.  

f r o n  the  high rate of h e a t  t r a n s f e r  

Although the  exhaust  gases  flow over t he  d e f l e c t o r  s u r f a c e  a t  h igh  
v e l o c i t i e s ,  a f i l m  of s t agnan t  gas  forms next  t o  the  s u r f a c e  and acts 
as a n  i n s u l a t o r  which r educes  the  ra te  of h e a t  t r a n s f e r  t o  t h e  s u r f a c e  
material. 
as bu lk  d e n s i t y ,  v i s c o s i t y ,  thermal c o n d u c t i v i t y ,  s p e c i f i c  h e a t  of t h e  
exhaust  g a s e s ,  and the  v e l o c i t y  of t he  gases  p a r a l l e l  t o  t he  s u r f a c e .  
The r e l a t i o n s h i p  of t h e s e  v a r i a b l e s  and t h e  l o c a l  h e a t  t r a n s f e r  c o e f f i -  
c i e n t  may be expressed by t h e  e m p i r i c a l  equa t ion  f o r  t u r b u l e n t  f low over 
a f l a t  p l a t e :  (Ref. 2) 

The t h i c k n e s s  of t h i s  s t agnan t  f i l m  depends on such v a r i a b l e s  

hXX - = 0.0296 k 

= l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t  of t h e  f i l m  
hx where 

X = d i s t a n c e  downstream from t h e  i n i t i a l  impingement 
p o i n t  

k = thermal  c0nduct ivi t .y  of t h e  gas  

i 
(3)  

p = bu lk  d e n s i t y  of t he  gas  

Vx = gas v e l o c i t y  p a r a l l e l  t o  t h e  s u r f a c e  

p = g a s  v i s c o s i t y  

C = s p e c i f i c  h e a t  of t h e  gas 
P 

‘I 
I .  

I 
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I 

The c o e f f i c i e n t  of h e a t  t r a n s f e r  of  t he  f i l m  i s  a l s o  in f luenced  by 
o t h e r  c o n s i d e r a t i o n s  such as shock waves, impingement ang le ,  and boundary 
l a y e r .  

2. Shock Waves. A shock wave i s  a p l ana r  d i s c o n t i n u i t y  o r  
boundary which i s  produced when a supersonic  j e t  stream impinges on a 
s u r f a c e .  The shock wave may be normal t o  o r  a t  an ang le  t o  t h e  d i r e c t i o n  
of f l u i d  flow, depending upon t h e  p o s i t i o n  of t he  d e f l e c t i n g  s u r f a c e  w i t h  
r e l a t i o n  t o  the  d i r e c t i o n  of flow. Shock waves cause ab rup t  changes i n  
the  p r o p e r t i e s  of t h e  f l u i d  flowing through the  wave. 
wave produced determines t h e  e x t e n t  of change i n  the  f l u i d  p r o p e r t i e s .  
Since the  ra te  of h e a t  t r a n s f e r  t o  the  d e f l e c t i n g  s u r f a c e  depends, t o  a 
l a rge  e x t e n t ,  on the  downstream p r o p e r t i e s  of t h e  flowing f l u i d ,  i t  i s  
ev iden t  t h a t  an  a n a l y s i s  of shock waves t o  determine t h e i r  i n f l u e n c e  on 
h e a t  t r a n s f e r  rates i s  necessa ry  i n  t h e  design of any rocke t  engine flame 
d e f l e c t o r .  
based on t h e i r  p o s i t i o n  r e l a t i v e  t o  the  d i r e c t i o n  of f l u i d  flow. 

The type o f  shock 

Shock waves may be g e n e r a l l y  c l a s s i f i e d  as normal and o b l i q u e ,  

A normal shock i s  a d i s c o n t i n u i t y  produced i n  a plane perpendicular  
t o  t h e  d i r e c t i o n  of f l u i d  flow. 
undergoes a sudden r i s e  i n  s t a t i c  p r e s s u r e ,  dens i ty ,  en tha lpy ,  and tempera- 
t u r e ,  and a corresponding decrease i n  v e l o c i t y  and i s e n t r o p i c  s t a g n a t i o n  
p r e s s u r e .  A t  c e r t a i n  upstream Mach numbers, t h e  downstream s t a t i c  p r e s s u r e  
and temperature can i n c r e a s e  t o  almost combustion chamber v a l u e s .  I n  t h e  
case of normal shocks,  i t  i s  p o s s i b l e  t o  expres s  t h e  upstream and down- 
stream p r o p e r t i e s  of t h e  f l u i d  i n  t e r m s  of t h e  upstream Mach number (Me) 
and t h e  r a t i o  of s p e c i f i c  h e a t s  (y) .  These r e l a t i o n s  may be expressed 
by the fol lowing equa t ions  f o r  flow through a normal shock where t h e  
s u b s c r i p t s  e and 2 refer, r e s p e c t i v e l y ,  t o  cond i t ions  upstream and 
downstream from t h e  shock: (Ref. 3)  

F l u i d  flowing through a normal shock 

E x i t  Mach number (M2) ( 4 )  

2 M 2  - 
e t y - 1  

2y Me2 - 1 
M =  2 

7 -1 

S t a t i c  P res su re  Ra t io :  

M 2 -  y - 1  2 = 2 r  e 
'e Y + l  Y - t - 1  

P 

Temperature Ra t io :  
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The impingement ang le  i s  a l s o  important i n  the de t e rmina t ion  of 
the f o r c e s  a c t i n g  on a d e f l e c t o r  i n  the  impingement area. Determination 
of t h e s e  f o r c e s  i s  d i scussed  i n  5 below. 

4 .  Boundary Layer. When a n  exhaust stream flows over a de- 
f l e c t i n g  s u r f a c e ,  t h e  v e l o c i t y  of t he  f l u i d  p a r t i c l e s  a d j a c e n t  t o  t h e  
s u r f a c e  i s  reduced t o  almost ze ro  due t o  f r i c t i o n  between t h e  s u r f a c e  and 
the  f l u i d .  S i m i l a r l y ,  each success ive  l a y e r  of f l u i d  i s  a f f e c t e d  t o  a 
dec reas ing  e x t e n t  u n t i l  t hey  f i n a l l y  r each  mainstream v e l o c i t y .  These 
low v e l o c i t y  l a y e r s  form a f i l m  o r  boundary l a y e r  on the  d e f l e c t o r  su r -  
f a c e  which a c t s  as a n  i n s u l a t o r  o r  thermal b a r r i e r  t o  t h e  passage of 
h e a t .  The i n s u l a t i n g  e f f e c t  of t he  boundary l a y e r  i s  a f u n c t i o n  of i t s  
t h i c k n e s s  which i s  dependent on the  p r o p e r t i e s  of t h e  f l u i d  and n a t u r e  of 
t h e  flow over t h e  s u r f a c e .  

The boundary l a y e r  t h i ckness  (which i s  t h e  d i s t a n c e  normal t o  t h e  
d e f l e c t o r  su r face )  r e q u i r e d  f o r  t h e  f l u i d  t o  reach mainstream v e l o c i t y  i s  
a f u n c t i d n  of t h e  v e l o c i t y ,  d e n s i t y ,  and dynamic v i s c o s i t y  of t he  f l u i d ,  
and t h e  d i s t a n c e  downstream from t h e  p o i n t  of i n i t i a l  impingement. 
p r o p e r t i e s  can be combined i n t o  t h e  dimensionless  Reynolds number as 
f 0 1 lows : 

The 

= Reynolds number Nre where 

0 = d e n s i t y  of exhaust f l u i d  

= downstream v e l o c i t y  of exhaust vx 
X = d i s t a n c e  downstream from i n i t i a l  impingement 

p o i n t  

IJ- = dynamic v i s c o s i t y  of t h e  f l u i d  

‘ F l u i d  flow over a s u r f a c e  may be desc r ibed  as laminar o r  t u r b u l e n t .  
When the  f l u i d  l a y e r s  nex t  t o  the  s u r f a c e  flow smoothly, even though they 
have d i f f e r e n t  r e l a t i v e  v e l o c i t i e s ,  t h e  c o n d i t i o n  i s  r e f e r r e d  t o  as laminar 
flow. 
e d d i e s  are formed, t h e  c o n d i t i o n  i s  r e f e r r e d  t o  as t u r b u l e n t  flow. Immedi- 
a t e l y  a f t e r  impingement, a boundary l a y e r  i s  formed on t h e  d e f l e c t i n g  su r -  
f a c e .  
i s  n e g l i g i b l e  and t h e  c o e f f i c i e n t  of heat: t r a n s f e r  i s  maximum. For a 
s h o r t  d i s t a n c e  downstream from t h e  p o i n t  of impingement, laminar flow 
occur s  and boundary l a y e r  t h i ckness  increases which r e s u l t s  i n  a de- 
c r e a s i n g  h e a t  t r a n s f e r  c o e f f i c i e n t .  T r a n s i t i o n  from laminar flow t o  

When t h e  flow of t he  f l u i d  l a y e r s  i s  rough, and unpred ic t ab le  

A t  t h e  po in t  of impingement, t h e  t h i c k n e s s  of t h e  boundary l a y e r  
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t u r b u l e n t  flow occurs  a t  a po in t  downstream from the  i n i t i a l  impingement 
p o i n t ;  h e r e ,  t h e  boundary l aye r  dec reases  i n  th i ckness  and t h e  hea t  
t r a n s f e r  c o e f f i c i e n t  i s  aga in  a maximum. This  t r a n s i t i o n  po in t  i s  be- 
l i e v e d  t o  be between Reynolds numbers of lo5 and 2 x lo6.  
shows the  r e l a t i o n  between the  impingement ang le  6 and t h e  downstream 
d i s t a n c e  t o  t h e  t r a n s i t i o n  po in t  X f o r  t h e  two Reynolds number l i m i t s .  
Surface roughness o r  eroded p a r t i c l e s  i n  the  exhaust stream can cause 
s u f f i c i e n t  change i n  the  Reynolds number t o  a f f e c t  t he  l o c a t i o n  of the 
t r a n s i t i o n  p o i n t ,  but  such e f f e c t s  were not  considered i n  determinat ion 
of t he  two curves i l l u s t r a t e d .  

FIGURE 12 

When a supersonic  j e t  impinges on a f l a t  p l a t e  a t  some ang le  6 .a 
shock p a t t e r n  i s  known todevelop, 
developed, t oge the r  w i th  the  v a r i a t i o n  of s t a t i c  p re s su re  and the f i l m  
hea t  t r a n s f e r  c o e f f i c i e n t .  C i r c l ed  odd numbers i n d i c a t e  r e g i o n s  of low 
pressure,and c i r c l e d  even f i g u r e s  i n d i c a t e  r eg ions  of high p res su re .  The 
v a r i a t i o n  i n  the  average h e a t  t r a n s f e r  c o e f f i c i e n t  i s  a l s o  shown. It i s  
t o  be noted t h a t  t he  g r e a t e r  t he  d i s t a n c e  over which the h e a t  t r a n s f e r  
c o e f f i c i e n t  i s  averaged, t he  lower w i l l  be the  va lue  of t he  f i l m  c o e f f i -  
c i e n t .  The g r e a t e s t  damage t o  the d e f l e c t o r  w i l l  occur a t  the  po in t  of 
maximum c o e f f i c i e n t .  Even though t h e  average c o e f f i c i e n t  may be low, 
burnout a t  a po in t  may occur due t o  a high l o c a l  f i l m  c o e f f i c i e n t .  This  
h igh  l o c a l  f i l m  c o e f f i c i e n t  may be a t t r i b u t e d  t o  d i s tu rbances  i n  the  
boundary l aye r  due t o  the formation of complex shock waves, changes i n  
flow d i r e c t i o n ,  and i n  the  case  of m u l t i p l e  j e t s ,  t o  t h e  i n t e r a c t i o n  of 
j e t  streams. 

FIGURE 13 shows the  t h e o r e t i c a l  p a t t e r n  

5 .  Forces.  A s tudy  of the f o r c e s  a c t i n g  on a d e f l e c t o r  under 
t h e  impact of a supersonic  j e t  stream shows a d e f i n i t e  r e l a t i o n s h i p  be- 
tween t h e s e  f o r c e s  and the j e t  impingement a n g l e s  on a f l a t  and curved 
p l a t e .  A diagram of the  f o r c e s  a c t i n g  on a t y p i c a l  d e f l e c t o r  su r face  i s  
i l l u s t r a t e d  i n  FIGURE 14. From the f o r c e  and angu la r  r e l a t i o n s h i p s  shown, 
c e r t a i n  p e r t i n e n t  equa t ions  can be der ived i f  the fol lowing assumptions 
a r e  made: 

a. 6 (impingement angle)  < 6, ( c r i t i c a l  impingement ang le  
f o r  shock detachment), two dimensional flow. 

b.  T o t a l  mass flow l eaves  both f l a t  p l a t e  number 1 and 
curved p l a t e  number 2 as e s s e n t i a l l y  p a r a l l e l  flow. 

c .  N o  shock l o s s e s  over the curved p l a t e  number 2 ,  i. e . ,  
cons t an t  v e l o c i t y  over p l a t e  number 2 .  

d .  I n v i s c i d  flow. 

Then, t he  h o r i z o n t a l  and v e r t i c a l  f o r c e s  a c t i n g  on the  f l a t  p l a t e  
number 1 are as fol lows:  



where 

= F s i n  (2 81) 
FH1 2 

61 
2 = F s i n  

F = j e t  f o r c e  (mass flow r a t e  X v e l o c i t y )  
g 

= h o r i z o n t a l  component of f o r c e  on p l a t e  number 1 
F H 1  

= v e r t i c a l  component of f o r c e  on p l a t e  number 1 
F V 1  

h1 = impingement ang le  on p l a t e  number 1 

These equat ions a r e  a p p l i c a b l e  f o r  any f l u i d  j e t  of any configu- 
r a t i o n  which impinges on an i n c l i n e d  f l a t  p l a t e ,  when t h e  mass flow 
l eav ing  t h e  p l a t e  i s  p a r a l l e l  t o  t h e  surface.  Within t h e  assumed l i m i t s  
of  b1 , t h e s e  r e l a t i o n s h i p s  a r e  f o r  i n v i s c i d  flow. FIGURE 15 shows 
t h e  r a t i o  F 

f o r  a f l a t  p l a t e  d e f l e c t o r  (Sec t ion  number 1). The s c a l e  imposed on 
t h e  a b s c i s s a  shows t h e  r e l a t i o n s h i p  of t h e  Mach number of an a i r  j e t  
( y  = 1.4) t o  t h e  d e f l e c t o r  c r i t i c a l  ang le  o r  shock detachment ang le  as 
determined from Equation (5).  I t  shows t h a t ,  a s  t he  j e t  Mach number 
inc reases ,  t h e  va lue  of the shock detachment angle  6, i nc reases .  

61 ' /F and t h e  r a t i o  F H ~ / F  ve r sus  t h e  impingement ang le  V 1  

Since the  n e t  f o r c e  a c t i n g  on the curved p l a t e  s e c t i o n  number 2 i s  
equa l  t o  F cos  61, then the f o r c e s  a c t i n g  on the  curved p l a t e  s e c t i o n  
number 2 shown in FIGURE 14 may be expressed by the  fol lowing equa t ions  
which are a p p l i c a b l e  t o  l o s s - f r e e  tu rn ing  vanes wi th  two-dimensional 
flow: 

cos 61 FH2 = FN2 - F T ~  s i n  61 = F c o s  61 (1,-sin 61) (13) 

where 

cos tjl + F~ Fv2 = FT2 s i n  61 = F cos2 81 
2 

F = h o r i z o n t a l  component of f o r c e  on curved p l a t e  
H2 number 2 
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= v e r t i c a l  component of f o r c e  on curved p l a t e  
FV2 number 2 

FT2 = t a n g e n t i a l  component of f o r c e  on curved p l a t e  
number 2 

FN2 = normal component of f o r c e  on curved p l a t e  number 2 

The r a t i o  FV /F and t h e  FH /F v e r s u s  t h e  compliment of t he  impinge- 
ment ang le  (62) 
shown on FIGURE 16. 

2 f o r  t h e  curve$ p l a t e  d e f l e c t o r  s e c t i o n  number 2 i s  

6 .  Materials. Metals are t h e  l o g i c a l  materials f o r  conduct ive 
~ o r  h e a t - s i n k  type d e f l e c t o r s .  Any metal s e l e c t e d  must be capable  of con- 

duc t ing  h e a t  away from t h e  d e f l e c t o r  s u r f a c e  a t  a ra te  t h a t  w i l l  main- 
t a i n  t h e  exposed s u r f a c e  a t  a temperature below i t s  me l t ing  p o i n t .  
m e t a l s  having high me l t ing  temperatures and thermal c o n d u c t i v i t i e s  are 
a l s o  capab le  of w i ths t and ing  h igh  thermal  and mechanical shocks.  However, 
when all f a c t o r s  are considered,  mild s t ee l  and copper appear t o  be t h e  
most s u i t a b l e  f o r  d e f l e c t o r s .  Copper has  a much h ighe r  thermal  conduc- 
t i v i t y  than  s t e e l ,  b u t  s t ee l  has  a h ighe r  mel t ing p o i n t .  
18 show, r e s p e c t i v e l y ,  t h e  c a l c u l a t e d  t h i c k n e s s  of steel  and copper re- 
qu i r ed  t o  ma in ta in  the  s u r f a c e  temperature below t h e  me l t ing  p o i n t  i n  
r e l a t i o n  t o  impingement ang le  and exposure t i m e .  These i l l u s t r a t i o n s  
show t h a t  t h e  r e q u i r e d  th i ckness  of s t ee l  i s  less than copper b u t  t he  
v a r i a t i o n  i n  t h i c k n e s s  f o r  d i f f e r e n t  impingement a n g l e s  i s  g r e a t e r .  A s  
a r e s u l t  of v a r i o u s  tests by Government agenc ie s  a t  Redstone Arsenal  
s i n c e  1951, i t  has  been e m p i r i c a l l y  determined t h a t  carbon s t ee l  i s  more 
s u i t a b l e  than  copper f o r  hea t - s ink  type d e f l e c t o r s .  

Seve ra l  

I FIGURES 1 7  and 

FIGURE 19 shows t h e  r e l a t i o n  between t h i c k n e s s  of a mild s t ee l  de- 
f l e c t i o n  p l a t e  and t h e  c a l c u l a t e d  t i m e  r e q u i r e d  t o  ra ise  t h e  s u r f a c e  
temperature  t o  approximately 90 pe rcen t  of i t s  me l t ing  temperatures .  This  
f i g u r e  i s  based upon t h e  fol lowing in fo rma t ion  which c l o s e l y  approximates 
c o n d i t i h s  of t h e  Sa tu rn  boos te r  and d e f l e c t o r  conf igu ra t ion :  

Heat Trans fe r  C o e f f i c i e n t  h = Btu/hr f t 2  O F  

Impingement Angle 6 = 30" 

R a t i o  o f  S p e c i f i c  Heats y = 1 . 2  

Mach Number of Exhaust Jet  

S tagna t ion  Temperature To = 6430"R 

Me = 3.12 

S t a t i c  Temperature 

Recovery Temperature TRecovery = 62540 

Te = 3260' R 
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From t h i s  graph i t  i s  apparent  t h a t  t he  time r e q u i r e d  i s  d i r e c t l y  
r e l a t e d  t o  metal t h i c k n e s s e s ,  up t o  a c e r t a i n  t h i c k n e s s ,  beyond which, 
t h i ckness  has no i n f l u e n c e  on the  a b i l i t y  of t he  material t o  absorb h e a t .  
A material th i ckness  of 1 inch  w a s  s e l e c t e d  f o r  t he  Saturn flame d e f l e c t o r .  

SECTION V .  UNCOOIED FLAME DEFLECTOR CONFIGURATIONS 

1. Typ ica l  Designs. The amount of h e a t  t r a n s f e r r e d  t o  a de- 
f l e c t o r  i s  a f u n c t i o n  of t he  impingement ang le  and dwell  time of t he  
exhaust stream. A s  dwell  t i m e  i n c r e a s e s ,  smaller impingement a n g l e s  a r e  
r e q u i r e d  t o  reduce the  h e a t  t r a n s f e r  ra te .  However, s i n c e  smaller  i m -  
pingement a n g l e s  i n c r e a s e  t h e  d e f l e c t o r  h e i g h t ,  and hence, t he  he igh t  
of t he  launcher ,  i t  i s  d e s i r a b l e  t o  employ the  l a r g e s t  p o s s i b l e  impinge- 
ment ang le .  
t hese  requirements .  Seve ra l  s u c c e s s f u l  d e f l e c t o r  designs wi th  c e r t a i n  
common f e a t u r e s  have been developed t o  meet t he  special  requirements  f o r  
d i f f e r e n t  m i s s i l e s  and space v e h i c l e s .  

Any d e f l e c t o r  design must be based on a compromise between 

With any type d e f l e c t o r ,  t he  g r e a t e s t  b l a s t  e f f e c t s  occur i n  the  
a r e a  of i n i t i a l  impingement, where the  downstream flow d i r e c t i o n  i s  
changed, and where a s t agnan t  f r o n t  i s  formed. To reduce boundary l aye r  
d i s t u r b a n c e s ,  d e f l e c t o r s  should be designed so t h a t  t he  area of impinge- 
ment i s  a f l a t  s u r f a c e  and the  a r e a  of t he  d e f l e c t o r  which changes the  
downstream d i r e c t i o n  of f l u i d  has  a l a rge  r a d i u s  of cu rva tu re .  The e n t i r e  
s u r f a c e  of t he  d e f l e c t o r  should be smooth and f r e e  from p r o j e c t i o n s  t o  
reduce t h e  formation of s t agnan t  p o i n t s  and prevent l o c a l  burnouts .  The 
special  f e a t u r e s  of a p a r t i c u l a r  launcher and v e h i c l e  must a l s o  be con- 
s i d e r e d ,  e . g . ,  a mult iengine booster  might be o r i e n t e d  wi th  r e s p e c t  t o  
t h e  d e f l e c t o r  t o  have the  exhausts  of the engines  r i d e  one upon the  o t h e r .  
Seve ra l  t y p i c a l  deflector designs and the major characteristics of each 
a r e  d i scussed  i n  the  fol lowing paragraphs.  

a .  F l a t  Plate .  The s imples t  d e f l e c t o r  c o n f i g u r a t i o n  i s  a 
f l a t  p l a t e  pos i t i oned  i n  t h e  v e h i c l e  exhaust stream so t h a t  the j e t  i m -  
pinges normal t o  i t s  s u r f a c e .  It i s  c h a r a c t e r i z e d  by ve ry  high h e a t  
t r a n s f e r  r a t e s  which make i t  s u i t a b l e  on ly  f o r  v e h i c l e s  having a s h o r t  
launcher dwell  t i m e  and r e l a t i v e l y  l o w  p r o p e l l a n t  mass flow rates .  It 
should be noted t h a t  t h i s  type d e f l e c t o r  precludes the  p l ac ing  of any 
ground support  equipment i n  c l o s e  proximity t o  the  launcher ,  s i n c e  severe 
damage may be incu r red  from the  nondirected exhaust .  

b .  Dish-Shaped. Dish-shaped d e f l e c t o r s  are a l s o  c h a r a c t e r -  
i z e d  by h igh  h e a t  t r a n s f e r  r a t e s .  Ground support  equipment cannot be 
placed i n  the  v i c i n i t y  of t he  launcher due t o  the wide spreading of t he  
exhaust j e t .  I n  a d d i t i o n ,  t h e i r  geometry causes  the  exhaust s t ream t o  be 
r eve r sed  wi th  t h e  i n h e r e n t  p o s s i b l i t y  of damage t o  the  boos te r  v e h i c l e  
t a i l  s e c t i o n .  
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c .  U n i d i r e c t i o n a l  D e f l e c t o r .  The u n i d i r e c t i o n a l  o r  bucket 
type d e f l e c t o r  c o n s i s t s  of a curved s e c t i o n  o r  an  i n c l i n e d  s t r a i g h t  s e c t i o n  
and curved s e c t i o n  combination which d i r e c t s  t he  exhaust gases  away from 
the launcher a r e a .  Local hea t  t r a n s f e r  r a t e s  tend t o  be high a t  t h e  
i n i t i a l  impingement po in t  on the  s t r a i g h t  s e c t i o n  and a t  t h e  j o i n i n g  of 
t he  s t r a i g h t  and curved s e c t i o n s  (secondary impingement p o i n t ) .  

d .  Wedge-Shaped Def l ec to r .  The wedge-shaped d e f l e c t o r  i s  
the  type used on Launch Complex 34 (LC 34) f o r  t he  Saturn ( C - 1  ) f i r i n g  
and i s  formed by j o i n i n g  toge the r  two u n i d i r e c t i o n a l  d e f l e c t o r s .  This  
type of d e f l e c t o r  i s  p a r t i c u l a r l y  adap tab le  t o  mult iengine boos te r  v e h i c l e s ,  
as the  d e f l e c t o r  he igh t  may be reduced t o  approximately one-half  t h a t  of 
t h e  u n i d i r e c t i o n a l  d e f l e c t o r  he igh t  by having the  engine exhausts  imping- 
i n g  on both s i d e s  of t h e  d e f l e c t o r .  Care must be exe rc i sed  t o  ensure t h a t  
t he  engine exhausts  do not  impinge d i r e c t l y  on the leading edge of t h e  
d e f l e c t o r ,  s i n c e  h igh  hea t  t r a n s f e r  rates would occur.  When t h i s  con- 
d i t i o n  cannot be avoided ( f i v e  eng ines ) ,  p rov i s ions  must be made t o  water-  
cool t he  l ead ing  edge o r  p a r t  of i t .  A r e d u c t i o n  i n  the h o r i z o n t a l  f o r c e s  
r e q u i r e d  t o  secure t h i s  type of d e f l e c t o r  i n  place,as  compared wi th  t h e  
u n i d i r e c t i o n a l  t y p e , i s  ob ta ined  s i n c e  these  f o r c e s  may be balanced.  

2. Saturn Flame Def l ec to r .  The d e f l e c t o r  used f o r  t he  C - 1  
f i r i n g  i s  a culminat ion of t h e  e f f o r t s  of design eng inee r s  using the 
a n a l y t i c a l  approach a l r e a d y  o u t l i n e d ,  and the t e s t  eng inee r s  using model 
s t u d i e s .  Report N o .  MTP-M-TEST-61-14,l: 20 Scale  Model Saturn Launch 
D e f l e c t o r  S tud ie s ,by  C .  P. Verschoore,presents  a breakdown of the t es t s  
run  on a s c a l e  model Saturn launcher d e f l e c t o r .  It i s  i n t e r e s t i n g  t o  
no te  he re  t h a t  t he  average h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  t he  model and 
f u l l  scale d e f l e c t o r s  conform t o  t h e  fol lowing r e l a t i o n s h i p :  (Ref. 2) 

model (15) 0 . 2  f u l l  s c a l e  = ( X Model 
X 

(X f u l l  scale) avg 
X 

h 
avg 

= average h e a t  t r a n s f e r  c o e f f i c i e n t  
X 

h 
avg over some d i s t a n c e  X downstream 

from the  i n i t i a l  impingement p o i n t .  

Since l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  f o r  model and prototype may 
be e q u a l ,  and as shown by equa t ion  (15), t he  average hea t  t r a n s f e r  co- 
e f f i c i e n t  of t he  model i s  g r e a t e r  than the  prototype.  It i s  necessary 
t o  use water as a coo lan t  f o r  model tes ts .  

FIGURE 20 shows the C - 1  d e f l e c t o r  conf igu ra t ion  a r r i v e d  a t  by the 
j o i n t  e f f o r t s  of t he  design and tes t  eng inee r s .  The flame p a t t e r n  of 
t he  Sa tu rn  v e h i c l e  as i t  impinges on the  d e f l e c t o r  during holddown i s  
shown on FIGURE 2 1 .  The r e c e n t  f i r i n g  of t he  Saturn boos te r  w a s  a v e r i f i -  
c a t i o n  of  t h e  approach taken by the  proponents of the uncooled flame 
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d e f l e c t o r  f o r  launching of super b o o s t e r s .  FIGURE 22 i s  a photograph of 
the C - 1  d e f l e c t o r  a f t e r  launching of t he  Saturn v e h i c l e .  A s  can be seen 

I by comparing FIGURES 20 and 22 ,  t h e  d e f l e c t o r  came through t h e  C - 1  f i r i n g  
l i t e r a l l y  unscathed, i . e . ,  t he  d e f l e c t o r  needs only t o  be r e p a i n t e d  p r i o r  
t o  r euse .  I n s t e a d  of t h e  8 t o  10 f i r i n g  use p r e d i c t e d ,  p o s t f i r i n g  i n s p e c t -  
i o n  i n d i c a t e s  t he  d e f l e c t o r  l i f e  may be p r a c t i c a l l y  unl imited.  ~ 
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FIGURE 8. MACH NUMBER OF DEFLECTED GAS AFTER PASSING THROUGH AN OBLIQUE 
SHOCK WAVE VERSUS IMPINGEMENT ANGLE 
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FIGURE 9 .  STATIC PRESSURE DOWNSTREAM FROM AN OBLIQUE SHOCK WAVE VERSUS 
IMPINGEMENT ANGLE 



25 

6000 

5000 

K 
0 

L 

w 
K 
3 

K w 
ti 

3 
a 

c 

4000 

3000 
0 

/ 
I 

f 

APPROXIMATE SATURN VALUE 

/ 

/’ 

r 

& 

I O  20 30 40 50 
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FIGURE 16 .  COMPONENT FORCES ACTING ON A CURVED PLATE SECTION ORIENTED AT 
DIFFERENT ANGLES 
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ASSUMPTIONS : 
( 1 )  hmx 
(2) 
(3) 
(4) 

= 30 SIN 8,BTU/ in2 sec O F  
HEISLER METHOD OF HEAT TRANSFER CALCULATION 
GAS STAGNATION TEMPERATURE 5000O F 
INITIAL WALL TEMPERATURE = 60. F 
(dotted lines indicate data extrapolation) 

IMPINGEMENT ANGLE, 8, degrees 

FIGL?ZE 1 7 .  STEEL SLTRFACING THICKNESS VERSUS IMPINGEMENT ANGLE 
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MSUMPTIONS * 
( 1 )  hmx = 30 sin 8 ,  BTU/in set O F  

( 2 )  
( 3 )  GAS STAGNATION TEMPERATURE, 5000°F 

HEISLER METHOD OF HEAT TRANSFER CALCULATION 
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3 5 O  

IMPINGEMENT ANGLE, 8,  degrees 

FIGURE 18. COPPER SURFACING THICKNESS VERSUS IMPINGEMENT ANGLE 
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